Two of the most promising classes of schemes for X-ray laser action are the recombination approach, in which population inversions are produced by the decay cascade following electron recombination into high-lying quantum states of a recombining ion, and the photo-pumping approach, in which population inversions are produced by direct pumping of the upper quantum state by photo-excitation from the ground state. In this paper, the recombination and photo-pumping approaches for producing x-ray lasing on the hydrogen-like Balmer alpha line are compared and the effects of the hydrogen-like fine structure on the plasma and other conditions required to achieve Balmer alpha gain are examined. For electron densities Ne s;
INTRODUCTION
In recent years, the suitability and applicability of a large number of techniques for X-ray laser action have been investigated. Of these, significant gains have been reported for recombination schemes [I -71 and an electron-collisional pumping scheme [81, while a large amount of research has been dedicated to photo-pumping schemes [9-131. In the recombination approach, population inversions are produced by the decay cascade following electron recombination into high-lying quantum states of a recombining plasma. In electron-collisional pumping schemes, population inversions are produced by electron collisions causing preferential excitation from the ground state into an upper quantum state. With photo-pumping schemes, the direct pumping of the upper quantum state by photo-excitation from the ground state is used to produce a population inversion. So far, in contrast to the recombination and electroncollisional pumping schemes, gain resulting from photo-pumping has not been obsemred.
The suitability of the recombination and photo-pumping mechanisms for producing gain on the hydrogen-like Balmer alpha transition is examined in this paper. Account is taken of the fine structure of the hydrogen-like ion and the effect of non-statistical equilibrium fine-structure sub-level densities on the development of gain. This paper presents the atomic physics involved in the calculations in greater detail than was done in an earlier report [ I & ] .
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Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986621 2. METHOD In order t o determine i f hydrogen-like Balmer alpha gain can occur f o r given conditions, it is necessary t o calcu1at.e t h e population densities of thc excited quantum s t a t e s of the hydrogen-like ion. Such densities a r e evaluated -n t h i s paper by numerically solving t h e s e t of simultaneous l i n e a r equations obtained by balancing the r a t e s of c o l l i s i o n a l and radiative processes i n t o and out of each quantum sub-level. The fine-structure sub-levels up t o and including t h e principal quantum s t a t e n=5 a r e considered. Quantum l e v e l s n=6 t o 20 a r e assumd t o have fine-structure sub-levels populated proportionally t o t h e i r s t a t i s t i c a l weights, but each level a s a whole is treated separately. Levels n>20 a r e taken t o be in Saha-Boltzmann equilibrium. An o u t l i n e of t h e c o l l i s i o n a l r a t e coefficients and radiative t r a n s i t i o n probabilities used f o r these calculations is given below. Tne r a t e coefficients and t r a n s i t i o n probabilities a r e t h e same a s those used i n references C 1 4,151.
2.1 Collisional r a t e coefficients and radiative t r a n s i t i o n probabilities The r a t e s of c o l l i s i o n a l excitation between sub-levels of t h e same principal quantum number ( t h a t is excitation i n the form ( n , L , j ) + ( n , L t , j l ) with M=O, where the symbols n , l , j a r e used here f o r quantum numbers i n t h e conventional sense) a r e calculated following Shevelko e t a 1 [16,171. Following these authors, the c o l l i s i o n a l excitation r a t e s f o r optically forbidden t r a n s i t i o n s between sub-levels with the same principal quantum number a r e approximated t o zero and the r a t e coefficients Cik f o r M=O c o l l i s i o n a l excitation between sub-levels i and k a r e taken t o have a contribution from an electron-collision-induced (cfk) and an ion-collision-induced ( c i k ) r a t e coefficient such t h a t
(1 where Zef ( = the ion atomic number, Z, f o r t h i s paper) is the r a t i o of the electron 80 ion density. -The energies between t h e fine-structure sub-levels a r e always very much smaller than the temperature of ions o r electrons i n the plasm, s o using the principle of detailed balance cfLi = (wk/wi) cfki (2) where wi is the s t a t i s t i c a l weight of the sub-level i.
Shevelko e t a 1 El71 evaluated expressions f o r the cek and ctk values using the Born approximation f o r dipole allowed c o l l i s i o n induced t r a n s i t i o n s with a model potential V(R) f o r the hydr en l i k e ions of t h e form i n atomic wits V(R)=iR/(R2+Ro)3/z f o r the Zk evaluation and V ( R ) = i / R 2 f o r t h e C& evaluation.
Converting the r e s u l t s of Shevelko e t a 1 [17] t o CGS units, we have
where AEik is the energy difference between t h e f i n e structure sub-levels i n em-', Ti is t h e ion temperature in K and M is t h e atomic weight of the plasma ions. For the quantum s t a t e t r a n s i t i o n s n, L-tn, (L+1) i n hydrogen-like ions In order t o obtain ( n , I , j) + ( n , L f , j l ) r a t e coefficients from (n,L) -t (n,L1) values, t h e A 2 values a r e multiplied by t h e Racah factors of equations (7) -(9) of Sampson C 181.
To evaluate cfk, w e use a = 391TZ( R~~E~ j)
where Te is the electron temperature i n K. The asymptotic expression of Shevelko e t a 1 (1 977) is used f o r f (a), that is For the r e s u l t s of t h i s paper, a>5 and equation (8) gives f ( a ) t o within 10% of more complete numerical evaluations a l s o given by Shevelko e t a 1 C171.
For the evaluation of cik, data from Figure 5 of Shevelko e t a 1 [I71 has been used t o produce. a table of accurate E( y, n) which a r e numerically interpolated t o give accurate cik values. The parameters y and n a r e given by
The r a t e coefficients f o r electron c o l l i s i o n a l excitation of the type (n, R, j ) + ( n P , R ' , j ' ) where n '(5 and n<nr have been taken from t h e values f o r (n,R)+(n',R') t r a n s i t i o n s given by Golden e t a 1 [I91 and Clark e t a 1 C201. To obtain t h e ( n ,~, j ) + ( n l , I 1 , j l ) t r a n s i t i o n r a t e s from the (n,R)+(nl ,R1) r a t e , it is assumed t h a t the r a t e coefficients a r e proportional t o the s t a t i s t i c a l weight 2j1+l of the f i n a l quantum sub-level. The radiative t r a n s i t i o n probabilities f o r t r a n s i t i o n s of the type (n',R1, jl)+(n,R, j) f o r n'(5 a r e obtained from the t r a n s i t i o n probabilities f o r (n',R1) t r a n s i t i o n s given by Wie-se e t a 1 [24] using the usual multiplet rules (see eg Kuhn C251). Radiative t r a n s i t i o n probabilities f o r t r a n s i t i o n s of t h e type n'+n, where n' and 1126, a r e a l s o taken from the t a b l e s of Weise e t a 1 [24] . Radiative transitions of t h e type nl+(n,R, j), where n'26 and n<5 a r e t r e a t e d approximately by using the t r a n s i t i o n probabilities averaged over the"% quantum numbers a s given by Wiese e t a 1 C241 and assuming the t r a n s i t i o n probabilities i n t o the different R, j sub-levels a r e proportional t o the f i n a l sub-level s t a t i s t i c a l weight. For i n i t i a l l e v e l s 1020, where Wiese e t a 1 C241 do not t a b u l a t e t r a n s i t i o n probabilities, the t r a n s i t i o n probabilities a r e evaluated using an asymptotic formula (see eg Tallents C261). Radiative recombination r a t e s a r e calculated from the r e s u l t s of Seaton C271. The radiative recombination r a t e s into sub-levels where n(5 a r e approximated t o be proportional t o t h e s t a t i s t i c a l weight o f ' t h e f i n a l quantum sub-level. The two-photon and magnetic dipole 2 s 4 s t r a n s i t i o n s a r e taken t o have the values given by Parpia and Johnson C281. Other o p t i c a l l y forbidden t r a n s i t i o n s a r e approximated t o zero.
Rate coefficients f o r electron c o l l i s i o n a l excitation of the type (n,R,j)-inl where n<5 and n1L6 a r e s e t t o t h e values used by McWhirter and

Presentation of Results
The r e s u l t s of t h i s paper a r e presented in terms of reduced parameters, namely Electron temperature Oe = Te/Z2 (K)
Electron density ne
Population density of quantum s t a t e n,R,j where X is the r a t i o of the electron density (Ne) t o the f u l l y stripped ion density. In our calculations of the photopumping from the Is t o 3p quantum s t a t e s required t o produce 3+2 population inversions, we a l s o introduce a reduced measure @ of the number P of pumped t r a n s i t i o n s , where
Photopumping from the ground lsX quantum s t a t e t o the 3pg and 3~~/~s t a t e s a r e taken t o be proportional t o the s t a t i s t i c a l weights (2 and 4, respectively) of the two f i n a l s t a t e s . For t h e r e s u l t s presented i n t h i s paper, the electron and ion temperatures a r e assumed t o be equal.
Tne hydrogen-like ion Balmer alpha t r a n s i t i o n consists of seven fine-structure components grouped t o give t h e appearance of a doublet with a wavelength separation (largely independent of Z ) of 1 1 30 ma (see Fig.1 ). There a r e plasma conditions where population inversions can occur f o r some of the Balmer alpha fine-structure l i n e s , but not f o r others. Accordingly, l i n e broadening can a f f e c t the overall Balmer alpha gain and needs t o be considered i n evaluating the conditions where Balmer alpha gain can occur. This is done i n t h i s paper by separately presenting three r e s u l t s showing the deduced plasma conditions f o r n=3+2 inversions involving (1) the whole of the Balmer alpha l i n e , and (2) the high, and (3) the low wavelength components of the line. Line broadening is assumed t o be thermal Doppler with t h e ion temperature equal t o the electron temperature. The wavelengths and r e l a t i v e i n t e n s i t i e s of t h e individual fine-structure components a r e 0 . 
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3. RESULTS In Figure 2 examples of the excited quantum s t a t e d e n s i t i e s of hydrogen-like ions f o r the case ( a ) of a recombining plasma and (b) a plasma i n i t i a l l y i n the steady-state which is pumped by a constant amount of photo-pumping a r e shown a s a function of electron density. From a large number of such p l o t s it is possible t o determine t h e maximum ground s t a t e density f o r which Balmer alpha gain can occur a s a function of electron density (Fig.3 ) and t h e minimum photo-pumping required t o produce Balmer alpha gain a s a function of electron density (Fig.&) .
4. DISCUSSION Our r e s u l t s show t h a t n=3+2 population inversions cannot be produced by photopumping a t d e n s i t i e s se<lOLO f o r even very large amounts of photopumping from the ground t o t h e 3p s t a t e s and t h a t gain produced by photopumping is possible only on t h e high wavelength component of the Balmer alpha doublet f o r ne i n the range loLo-loL2 ~m -~ (~i g . 4 ) . Clearly, high electron d e n s i t i e s and hence l a r g e amounts of photo-pumping a r e necessary t o produce any Balmer alpha gain. For example, f o r Z=16, we require N >loa0 z7= 3x10" cm-'. Such a plasma needs t o be pumped a t a r a t e P 2 l o L o Z e 4 -7 . 2~1 0~~ s-' , which implies a minimum X-ray density of 2.4~10' photons/cm3.
For a plasma of 10 pm thickness, an X-ray pumping intensity of 2 3x10' * W cm-2 over the absorption p r o f i l e of the C 1 XVI Lyman beta l i n e is required.
FIGURE 2
Reduced population densities q (divided by s t a t i s t i c a l weight w) of the quantum sub-levels of t h e n=2 and 3 quantum s t a t e s of hydrogen-like ions a s a function of reduced electron density q f o r ( a ) a recombining plasma (ql=O) and (b) a reduced photopumping r a t e of P =lo" cm-3 s-I a t a reduced electron temperature 0=32000 K.
The r e s u l t s a r e f o r hydrogen-like Mg (Z=12), but do not vary greatly with Z. On t h e figures : f o r ( a ) , A marks the lowest density f o r the lower wavelength Balmer alpha components t o exhibit gain and B marks t h e upper density l i m i t f o r Balmer alpha gain, while f o r (b), A marks the lowest density f o r the upper wavelength Balmer alpha component t o exhibit gain, B marks t h e lowest density f o r t h e whole Balmer alpha l i n e t o exhibit gain and C marks the upper density l i m i t f o r Balmer alpha gain. For (a) t h e photo-pumping6 is zero, while f o r (b) the ground s t a t e density 171, is equal t o t h e value f o r a steady s t a t e (unpumped) plasma. Minimum photopumping from the 1s t o 3p quantum s t a t e s of the hydrogenlike ion required t o produce an inversion between t h e quantum s t a t e s n=3 and 2 a t a reduced electron temperature ( a ) Oe=8000 K and (b) Oe=32000 K plotted a s a function of reduced electron density ne. Results a r e shown f o r conditions where plasma broadening masks t h e doublet nature of the Balmer alpha l i n e (solid curve) and where plasma broadening allows the doublet components t o be resolved (broken and chain curves). The plasma parameter spaces f o r gain on t h e high (broken curve) and low (chain curve) wavelength components of the Balmer alpha doublet a r e shown. The ground-state density nr is assumed t o be equal t o t h e value f o r a steady-state (unpumped) plasma. The r e s u l t s a r e f o r hydrogen-like Mg (Z=12), but do not vary greatly with Z. . ' .-.'
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